Hypothermia is an effective neuroprotective treatment for brain injury caused by intracerebral hemorrhage (ICH). It is reported to reduce brain edema and neuronal cell death. Thrombin, a coagulation protease released from blood clots, is critical in brain edema formation following ICH. Protease activated receptor-1 (PAR-1), matrix metalloproteinase-9 (MMP-9) and aquaporin 4 (AQP4) are edema-associated mediators that have been implicated in ICH pathology. In the present study, thrombin was used to induce brain edema in adult male Sprague-Dawley rats. Differences between a focal mild hypothermic group (33±0.5˚C) and a normothermic group (37˚C) were investigated. Following hypothermia, brain water content and blood-brain barrier (BBB) disruption was assessed at 6, 24 and 48 h and subsequently at 3, 5 and 7 days. At the same time, the mRNA and protein expression of PAR-1, MMP-9 and AQP4 were also determined. It was identified that brain water content and BBB disruption increased at 6 h and reached a maximal level at 24 h in the normothermic group. The mRNA and protein expression levels of PAR-1, MMP-9 and AQP4 started to increase at 24 h and reached a maximal level at 48 h. Focal mild hypothermia tended to significantly reduce brain water content, BBB disruption and PAR-1, MMP-9 and AQP expression at 24 and 48 h. The present data suggest that focal mild hypothermia is an effective treatment for edema formation through moderation of the mRNA and protein expression of PAR-1, MMP-9 and AQP4.
Introduction
Intracerebral hemorrhage (ICH), a common and devastating disorder, accounts for 10-20% of all strokes (1) and causes brain edema and neuronal cell death. The rapid release of blood into the parenchyma results in limited hematoma, which causes blood-brain barrier (BBB) disruption, brain edema and inflammation. Secondary injury occurs resulting from the toxic effects of blood components, including thrombin (2) and erythrocyte rupture (3) .
Thrombin, a serine protease, is an important component in the process of blood coagulation. The quantity of thrombin in the blood significantly exceeds the requirement of coagulation (4) . The excess thrombin released from a hematoma or blood clot affects the microenvironment surrounding astrocytes and microglia (5) via activation of protease activated receptor-1 (PAR-1) (6) . Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidase enzymes, which may cause degradation of extracellular matrix proteins and lead to an increase in BBB permeability and brain edema. Among the MMPs, MMP-9 is a major contributor to the disruption of the major components of the basal lamina surrounding cerebral blood vessels (7) . Aquaporin 4 (AQP4), a member of the aquaporin family of water-selective transporting proteins, is important in cerebral water balance (8) . Studies have demonstrated that increases in MMP-9 and AQP4 expression are associated with thrombin-induced disruption of the BBB and brain edema (9, 10) .
Hypothermia has been established to exert neuroprotective properties in the acute phase following ICH (9, 10) . It may effectively relieve brain edema (11) and the disruption of the BBB (12) caused by thrombin and it reduces the accumulation of excitatory amino acids and free radicals (13, 14) . Therefore, it is expected that reducing brain temperature may limit cell death, thereby improving recovery. However, this mechanism has not at present been clearly demonstrated.
To gain an improved understanding of the effects of hypothermia on thrombin-induced edema and the expression Effects of focal mild hypothermia on thrombin-induced brain edema formation and the expression of protease activated receptor-1, matrix metalloproteinase-9 and aquaporin 4 in rats 
Materials and methods
Animal preparation and experimental groups. Adult male Sprague-Dawley rats (n=360; weight, 250-300 g) were used throughout the study. Animals were treated in accordance with the guidelines set by The Chinese Council for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at the Harbin Medical University (Harbin, China). Rats were allowed free access to food and water and were housed with a 12 h/12 h light/dark cycle. No mortality or signs of illness observed in the experimental animals. The rats were anesthetized with chloral hydrate (0.3 g/kg body weight, intraperitoneally; Sigma-Aldrich, St. Louis, MO, USA) prior to aseptic surgery as previously described (15) . Briefly, animals were placed in a stereotaxic frame (Bilaney Consultants GmbH, Düsseldorf, Germany). A midline scalp incision was made and a hole was drilled in the left side of the skull (0.2 mm anterior, 3.0 mm lateral and 5.0 mm ventral, with respect to bregma); a total of 50 µl thrombin (10 U/ml; Sigma-Aldrich) was injected into the right caudate nucleus (rats in the sham group received an injection of 50 µl saline only). The syringe was subsequently removed slowly. The hole in the skull was sealed with bone wax (Shanghai Sanyou Medical Instrument Co., Ltd., Shanghai, China) and the scalp was sutured. Body temperature was maintained at 37˚C during surgery with the use of a feedback-controlled heating pad. Rats were randomly assigned to three groups: The normothermia (NT) group, the hypothermia (HT) group and the sham group. Rats in the NT and HT groups were euthanized using an overdose (0.6 g/kg) of chloral hydrate at 6, 24, 48 h or 3, 5 or 7 days after surgery (n=6 for each time point). Rats in the sham group (n=6) were euthanized at 24 h after the infusion of saline.
Focal mild hypothermia. The rats in the HT group were cooled immediately following surgery with a hypothermia instrument (Patent no. ZL98236936.0; Harbin Institute of Technology, Harbin, China) following the thrombin injection as previously described (16) . Briefly, following the injection of thrombin, the heads of the rats were fixed on the metallic plate of the hypothermia instrument, which reduced the cranial temperature to 33±0.5˚C; hypothermia was applied for 4 h from when the target temperature was reached. During the treatment of hypothermia, the temperature probes of the SL-4 temperature sensor (Tongji Medical University, Wuhan, China) were inserted into the ipsilateral and contralateral basal ganglia and rectum to monitor cranial and core temperatures. A heating pad was also used to maintain the core temperature at ~37˚C. Rats rewarmed spontaneously following hypothermia and were allowed free access to food and water. Rats in the NT group were subject to the same conditions as the HT group with the exception of the hypothermia treatment.
Western blot analysis. The brains were removed and dissected rapidly and the striatal tissues (3x3x3 mm, ~100 mg) were collected. Western blot analysis was performed as previously described (17) . Briefly, brain tissues were ground in liquid nitrogen and proteins were extracted using a Tissue Protein Extraction Reagent (Boster Biological Technology, Inc., Wuhan, China). The protein concentration was detected using a bicinchoninic acid protein assay kit (Santa Cruz Biotechnology, Inc., Lake Placid, NY, USA). Subsequently, proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride membrane (Santa Cruz Biotechnology, Inc.). Following blocking with 5% bovine serum albumin for 2 h, membranes were subsequently incubated with mouse monoclonal thrombin R (ATAP2; sc-13503; 1:1,000; Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-AQP4 (C-19; sc-9888; 1:1,000; Santa Cruz Biotechnology, Inc.) and goat polyclonal anti-MMP-9 (C-20; sc-6840; 1:1,000; Santa Cruz Biotechnology, Inc.) overnight at 4˚C. The following day, the membrane was washed with Tris-buffered saline with Tween ® (TBS-T; 3x10 min) and subsequently incubated with horseradish peroxidase-conjugated goat anti-mouse (BA1051) or rabbit anti-goat (BA1060) secondary antibodies (1:500; Boster Biological Technology, Inc.) at room temperature for 2 h. The membrane was washed again with TBS-T (3x10 min) and the results were visualized using electrochemiluminescence and luminol reagent (sc-2048; 1:1 ratio of solutions A and B; Santa Cruz Biotechnology, Inc.).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
RT-qPCR was used to determine mRNA expression levels of PAR-1, MMP-9 and AQP4 in the brain. Total RNA was extracted from the frozen tissue samples with TRIzol Determination of BBB permeability. BBB permeability was evaluated using the Evans Blue dye method (EB) enabling the identification of extravasation (18) . Briefly, EB (2%, 4 ml/kg) was injected intravenously and allowed to circulate for 2 h. The brain was subsequently transcardially perfused with 200 ml saline through the left ventricle until colorless liquid was obtained from the right atrium. Following decapitation, the brain was removed and 100 mg of tissue surrounding the brain injury was dissected. For quantitative measurements, the brain samples were placed in 5 ml formamide solution and incubated for 72 h at 37˚C. The optical density of the EB formamide solution was determined by spectrophotometry (Multiskan MK3; Thermo Fisher Scientific, Waltham, MA, USA) at 620 nm and the absorbance of the supernatant solution was measured according to the EB/formamide standard samples. The BBB permeability was expressed as EB/g of brain tissue.
Determination of brain water content. Brain water content was determined using the dry-wet weight method (19) . Following decapitation, rat brain samples were immediately weighed on an electronic analytical balance (JA1003A Electronic Precision Balance; Changzhou Keyuan Balance Instrument Co., Ltd., Changzhou, China) to obtain the wet weight. The tissues were subsequently dried in an oven at 100˚C for 24 h to obtain the dry weight. Brain water content was calculated as: Wet weight-dry weight)/wet weight x 100.
Statistical analysis. Data are expressed as the mean ± standard deviation. The analyses for multiple groups were performed using an analysis of variance followed by Tukey's honest significant difference post hoc test; independent two-sample t-tests were used to compare the means of the two groups at each time point. All data were analyzed with SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Brain water content and BBB permeability. Following the injection of thrombin, the brain water content in the basal ganglia began to increase within 6 h in the NT group (n=6) and reached a maximum at 24 h. Furthermore, increased levels were maintained at 72 h. The HT group exhibited a lower 
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brain water content in the basal ganglia compared with the NT group (P<0.05). The brain water content began to decline at 48 h after thrombin injection (Fig. 1A) .
The BBB permeability to EB, which is a protein-binding dye that binds to albumin and a marker of BBB extravasation, demonstrated a trend similar to the brain water content. A 
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previous study identified that hypothermia did not alter the BBB permeability in normal tissue (11) . The extent of EB extravasation observed in the damaged brain tissue increased rapidly within 6 h and reached a maximum at 24 h. The level of EB extravasation was attenuated at 48 h. Hypothermia significantly reduced the EB extravasation (Fig. 1B) .
Effects of focal hypothermia on thrombin-induced AQP4 expression. To determine whether hypothermia affected AQP4, levels of AQP4 were measured at 6, 24, 48 and 72 h and 3, 5 and 7 days by RT-qPCR and western blot analysis (Fig. 2) . AQP4 expression reached a peak at 48 h. Compared with the NT group, in the HT group there was a significant decrease in AQP4 expression at each time point.
Effects of focal hypothermia on thrombin-induced MMP-9 expression. Using RT-qPCR and western blot analysis, the expression levels of MMP-9 in the HT group and the NT group were compared. MMP-9 mRNA and protein expression (Fig. 3 ) significantly increased at 24 h and peak levels were observed at 48 h. Hypothermia led to a decreased expression of MMP-9.
Effects of focal hypothermia on thrombin-induced PAR-1 expression.
To investigate whether hypothermia decreased PAR-1 expression, RT-qPCR and western blot analysis was used to analyze the differences between the HT group and the NT group (Fig. 4) . The data revealed that hypothermia in the HT group attenuated PAR-1 mRNA and protein expression compared with the NT group.
Discussion
Hypothermia is a neuroprotective strategy in ICH (20) and has been demonstrated to moderate perihematomal edema (11, 21) . Edema formation, following ICH has a close association with thrombin (2); however, little is known of the time course of effects of mild focal hypothermia on thrombin-induced edema formation in rats. The principal aims of the present study were to examine the mechanisms underlying the neuroprotective effects of focal mild hypothermia following ICH.
The results indicated that edema in the HT group significantly decreased within 24 and 72 h compared with the NT group following thrombin infusion. However, the mechanisms responsible for the edema induced by thrombin remain to be elucidated. Previous evidence has indicated that thrombin-induced vasogenic brain edema formation responds to the activation of PAR-1 and the disruption of the BBB (22, 23) . In the present study, PAR-1 within the NT group increased within 6 h and reached a maximum level at 48 h after thrombin infusion. Treatment with focal mild hypothermia downregulated this level markedly, which indicated that focal mild hypothermia effected thrombin-PAR-1 signaling to reduce BBB permeability.
The present study identified that MMP-9 expression was correlated with the breakdown of BBB integrity (24) . Furthermore, upregulation of MMP-9 expression in the perihematomal region following ICH has been reported in clinical patients (25) and rats (26) . The present study demonstrated that MMP-9 expression in the NT group reached a maximal level at 48 h and remained increased at 72 h after thrombin infusion, which is consistent with previous findings (19, 27) . Compared with the NT group, the HT group had downregulated the maximal level of MMP-9 at 48 h. According to the present data and a previous study (16) , the reduction of MMP-9 expression caused by mild focal hypothermia was responsible for moderating BBB disruption.
The effect of thrombin on AQP4 expression is inconclusive. A study has suggested that AQP4 expression is upregulated following ICH (28) , whereas other evidence has demonstrated that thrombin inhibits AQP4 expression (29) . The present study revealed that AQP4 expression in the NT group increased within 6 h, reached a maximum level at 48 h and increased levels were maintained for 7 days. Therapy with focal mild hypothermia induced a robust reduction of AQP4 levels at 48 h and returned to approximately normal levels at 7 days in the HT group. These findings demonstrate that focal mild hypothermia was associated with a downregulation in AQP4 expression.
In conclusion, the present study has demonstrated that focal mild hypothermia may be neuroprotective and ameliorates the edema induced by thrombin, which disrupts the BBB through the activation of the PAR-1 pathway. In addition, focal mild hypothermia downregulates the expression of MMP-9 and AQP4, which are closely associated with brain edema. These findings provide evidence for using hypothermia in the treatment of ICH.
